We found that α-diketones (2,3-butanedione (BD) and 1-phenyl-1,2-propanedione (PPD)) were very suitable luminescence probes for studying the properties of a perfluorinated solvent (i.e., fluorous solvent; perfluoromethylcyclohexane (PFMC)), since these compounds were soluble in PFMC and showed long-lived phosphorescence even at room temperature. The phosphorescence lifetime (τp) of BD in PFMC (650 µs) was much longer than that in cyclohexane (CH, 270 µs). The longer τp value of BD in PFMC was ascribed to the variation of the intersystem crossing rate constant (kisc) from the excited triplet state (T1) to the ground state (S0) with the solvent. Some possible reasons for the change in kisc were discussed in terms of solute-solvent interactions. Furthermore, by utilizing phosphorescence quenching of BD by pyrene, we determined a rate constant of the diffusion-controlled reaction in PFMC. Characteristic behaviors of mixing/separation processes between PFMC and a common organic solvent observed by Schlieren photographs were also reported.
Introduction
In the fields of catalytic and synthetic chemistry, there has been growing interest in a perfluorinated hydrocarbon solvent, commonly called a "fluorous" solvent, and its chemistry is sometimes referred as "fluorous chemistry". [1] [2] [3] [4] [5] [6] One of the characteristics of a fluorous solvent is the temperaturedependent solubility of a fluorous solvent with an organic solvent. 7 A representative application of such characteristics is a "fluorous biphase system". [1] [2] [3] In such a system, an organic solvent containing a reactant (R) and a fluorous solvent dissolved with a fluorinated catalyst (C) are phase-separated at room temperature, while the two phases mix homogeneously and the catalytic reaction between (R) and (C) is triggered upon temperature elevation above a certain critical temperature. After cooling, the two phases can be separated and the product can be obtained by decantation without solvent extraction. Thus, the fluorous biphase system is quite important for catalytic/synthetic chemistry, separation science, and analytical chemistry.
Other characteristics of a fluorous solvent have been employed on the basis of a "like-dissolves-like" concept. A typical example is a fluorous triphase system or "phasevanishing reaction" reported by Curran et al. 4 Typically, threephases composed of bromine, perfluorohexane, and a hexane solution of cyclohexene are produced in a tube at the bottom, middle, and top layers, respectively, in accordance with their densities. The fluorous solvent plays an important role as a "phase screen" in this system. Namely, bromine gradually diffuses toward the fluorous layer and reaches the fluorous/organic interface and/or in the organic phase. Then, the reaction between bromine and cyclohexene proceeds, which can be monitored easily as the decrease in the amount of the bromine layer. Thus, completion of the reaction can be confirmed by the naked eye: bromine-phase vanishing.
The fluorous bi-and tri-phase systems are certainly advantageous over the relevant traditional reaction systems as described above. In order to introduce such fluorous systems to various reaction systems, however, fundamental understandings about the chemical and physical properties of fluorous solvents are absolutely necessary. As an example, Brady and Carr reported that the polarities of several fluorous solvents were explained by the Taft's π* values. 8, 9 Characteristic behaviors of absorption spectra of several aromatic hydrocarbons in fluorous solvents have been also reported independently by Lawson et al. 10 and Kano et al., 11 demonstrating very weak solute-solvent interactions in fluorous media. Such weak solute-solvent interactions influence photophysical and photochemical processes of both organic and inorganic compounds. In practice, Parker and Joyce reported a large enhancement of the phosphorescence intensity of benzophenone in perfluoromethylcyclohexane (PFMC) at room temperature. 12 Kelly and Long revealed that photolysis of M(CO)6 (M = Cr, Mo, W) in PFMC generated extremely reactive intermediates: "naked M(CO)5". 13 Despite these detailed studies, however, the physical properties of fluorous solvents are still controversial and worth studying in more detail for further development of fluorous chemistry.
One possible approach to study the physical properties of a liquid is the use of a probe molecule. For example, pyrene has been used as a polarity probe of a liquid, since its fluorescence spectral band shape is very sensitive to the polarity of a solvent. 14 Charge transfer emission of a molecule is also very useful to probe a solvation correlation time in a liquid. 15 Although such approaches certainly have high potential to reveal the physical properties of a common solvent, these are not necessarily useful for fluorous solvents owing to quite poor solubilities of such probes in fluorous solvents. In order to dissolve a probe molecule in a fluorous solvent, therefore, a perfluoroalkyl chain (i.e., fluoro-tag) is introduced to the probe molecule.
However, such a fluoro-tag may affect the photophysical properties of a probe molecule, owing to the high electronegativity of the fluorine atom.
In the present study, we found that α-diketones represented by 2,3-butanedione (BD) and 1-phenyl-1,2-propanedinoe (PPD) were very suitable as a probe to study the physical properties of a fluorous solvent, since both BD and PPD exhibited bright phosphorescence even in a fluid solution at room temperature and their solubilities in a fluorous solvent were high enough. In the present work, therefore, we investigated the phosphorescence behavior of BD and PPD in perfluoromethylcyclohexane (PFMC).
On the basis of spectroscopic and excited state properties of BD and PPD in PFMC, we discuss the characteristic properties of PFMC.
Experimental
Perfluoromethylcyclohexane (PFMC, Tokyo Kasei Kogyo) and cyclohexane (CH, Wako Pure Chemicals, spectrograde) were used as received. BD and PPD (both Wako Pure Chemicals) were purified by distillation. Pyrene was purified by silica gel column chromatography, followed by recrystallization from ethanol. All of the sample solutions were deaerated by freezepump-thaw cycles (∼10 -5 mmHg) before spectroscopic measurements.
Schlieren photographs were taken with a Schlieren optical layout using a pinhole (diameter = 400 µm), as shown in Fig. 1  (upper panel) . A CCD camera (PCO, SensiCam) and a flash lamp (Hamamatsu, L4633) were used for imaging. Monitoring light that had passed through an aperture (d < 1 mm) was collimated before illumination to a sample cell, and then focused on the pinhole with a lens. Monitoring light passed through the pinhole was imaged using the CCD camera equipped with a commercial camera lens. In such an optical layout (Schlieren photography), changes in the refractive index 304 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 and/or a spatial distribution of refractive index in a sample can be observed as a contrastive pattern in the image. Absorption and emission spectra were recorded with Hitachi U-3300 and F-4500 spectrometers, respectively. Fluorescence lifetimes were measured with a time-correlated single photon counting technique using a Ti:Sapphire laser system as an excitation light source (λex = 400 nm). 16 For phosphorescence lifetime measurements, the third harmonic output from a nanosecond pulsed Nd 3+ :YAG laser (λex = 355 nm, Spectra Physics, Pro-250-30) was used as an excitation light source. Phosphorescence was detected with a photomultiplier (Hamamatsu, R928) equipped with a monochromator (Jobin Yvon, H20-VIS) or optical filters, and recorded on a digital stragescope (ReCloy, 9354C). All of the measurements were carried out at room temperature.
Results and Discussion

Schlieren photography
In order to demonstrate phase separation behavior between PFMC and an organic solvent, we carried out Schlieren photography that was very sensitive to the changes in and/or spatial distribution of the refractive index of an object. Figure 1 (lower panel) shows a series of Schlieren photographs of some binary liquid systems at room temperature: PFMC/acetone (a), cyclohexane (b), carbon tetrachloride (c), and 2,3-butanedione (BD, (d)). The former three solvents ((a) -(c)) are immiscible with PFMC and the relevant photographs were taken by the following procedures at room temperature (293 K). The binary liquids were stirred mechanically, and the temporal images of the system were taken just after stirring was stopped. The black line seen at the center of each frame is the meniscus produced at the liquid/liquid interface. The meniscus bends due to the interfacial tension at the PFMC/organic solvent interface, and the interface is observed as very thick in the photograph. The thickness of the interface seen in the photograph reflects the curvature of the bending meniscus. The phases above and beneath the meniscus correspond to the organic solvent and PFMC, respectively.
For the PFMC/acetone system ( Fig. 1(a) ), the two liquids did not mix by mechanical stirring and were separated immediately after stirring was stopped. In this system, the two liquids never mix homogeneously with each other even after temperature elevation up to the boiling point of acetone. By contrast, cyclohexane (CH) mixed homogeneously with PFMC above 330 K. In this system at 293 K ( Fig. 1(b) ), however, numerous small droplets were produced in both two layers just after the stop of stirring, and the droplets disappeared with time, giving rise to phase separation within 20 s. On the other hand, carbon tetrachloride mixes with PFMC at 300 K. In the Schlieren images at 293 K ( Fig. 1(c) ), accordingly, a typical Schlieren morphology was observed instead of producing small droplets and it disappeared with time. This implies that carbon tetrachloride mixes slightly with PFMC under mechanical stirring even at 293 K, although they were eventually separated to the two phases after the stop of stirring, as seen in Fig. 1(c) . Although these organic solvents are known to be immiscible with fluorous solvents at room temperature, Schlieren photography has revealed that phase separation behavior differs from system to system, depending upon mutual miscibility between fluorous and common organic solvents.
On the other hand, the characteristics of Schlieren images of a BD/PFMC system ( Fig. 1(d) ) obviously differ from those shown in Figs. 1(a) -(c) ). Figure 1(d) was taken just after an addition (dropping) of BD to PFMC. As shown in the figure, neither meniscus nor small droplets were observed in the mixture. At the early stage (0 and 2 min), we observed several lines in the images, showing inhomogeneous mixing. The disappearance of the lines (at 10 min) corresponds to the homogeneous mixing process. It took several minutes (< 10 min) to dissolve homogeneously in each other. This time period would get shorter when the mixture is stirred. Therefore, Schlieren photography has revealed that BD (and PPD) has a high solubility in PFMC. Such a high solubility enables the following spectroscopic measurements to be performed.
Steady-state absorption and emission spectroscopy
We found that BD and PPD could dissolve in PFMC up to 0.25 and 0.05 M, respectively, as determined by absorption spectroscopy. Figure 2 shows absorption spectra of BD ((a)) and PPD ((b)) in CH (black line), PFMC (red line), and the vapor phase (green line), whose absorbance was normalized at the maximum intensity. The absorption spectra in the vapor phase were obtained using a cell saturated with the vapors of BD and PPD. The absorption spectra are ascribed confidently to the nπ* transition of the compounds, since the molecular extinction coefficients (ε) at the absorption maxima are very small: 17 ε (420 nm) = 20 M -1 cm -1 for BD and ε (407 nm) = 30 M -1 cm -1 for PPD. It is worth noting that the absorption spectrum of BD in PFMC exhibits a slight blue shift as compared to that in CH and rather resembles that in the vapor phase. Spectral behavior in perfluorinated solvents analogous to those in Fig. 2 has been reported for benzene derivatives 10 and naphthalene 11 as well. This indicates that BD in the ground state does not interact appreciably with PFMC molecules. By contrast, the absorption spectrum of PPD exhibited no significant difference between PFMC and CH, and showed a red shift as compared to that in the vapor phase, demonstrating that the solvation structure around PPD is almost the same, irrespective of the solvent. Figure 3 shows the emission spectra of BD ((a)) and PPD ((b)) in CH (black line) and PFMC (red line), whose intensity is normalized at the maximum value. The emission spectrum of BD comprised two components: the weak band at around 440 -480 nm was ascribed to fluorescence, while the intense band with the vibronic structures at around 500 -700 nm was assigned to phosphorescence. 17 Similarly, PPD showed fluorescence and phosphorescence at around 450 -500 and 500 -700 nm, respectively. Such assignments are supported by the fact that the intense emission (i.e., phosphorescence) at around 500 -700 nm is quenched completely in air-saturated solutions and the emission lifetimes are very long, as described later in detail. The intense phosphorescence in a fluid solution at room temperature is characteristic of the present diketones. It is noteworthy that the lowest excited triplet states (T1) of BD 17 and PPD are nπ* in origin. Both fluorescence and phosphorescence spectra of BD and PPD in PFMC exhibit slight blue shifts as compared to those in CH. Such blue shifts of the fluorescence and phosphorescence spectra of a solute in several fluorous solvents as compared to those in a non-fluorinated solvent have sometimes been reported. 10, 11 These results will be ascribed to the lower polarity of a fluorous solvent relative to that of the corresponding non-fluorinated solvent. 8 Figure 4 shows fluorescence decay profiles of BD ((a)) and PPD ((b)) in PFMC and CH. The decay profiles were fitted satisfactorily with single exponential functions irrespective of the compound and the solvent. Furthermore, the fluorescence lifetimes (πf) of BD and PPD were independent of the solvent, and were determined to be 14 and 2.5 ns, respectively. On the other hand, the phosphorescence lifetime of BD exhibited a marked solvent dependence, as the phosphorescence decay profiles of BD and PPD in PFMC and CH in Fig. 5 show. The decay profiles were fitted with single exponential functions. It is worth noting that the phosphorescence lifetime (τp) of BD in PFMC (650 µs) is much longer than that in CH (270 µs), while the difference in τp of PPD between PFMC and CH is marginal: τp = 180 and 160 µs in PFMC and CH, respectively. The large effect of PFMC on τp of BD is worth elucidating in detail to reveal the characteristic properties of a fluorous solvent.
Dynamic behavior of fluorescence and phosphorescence
We evaluated the fluorescence (Φf) and phosphorescence quantum yields (Φp) of BD and PPD in both PFMC and CH; the data are listed in Table 1 . Knowing Φf, τf, Φp, and τp, we calculated the excited state parameters on the basis of the following equations:
(1)
where kf and kic represent the radiative and nonradiative (internal conversion) rate constants from the excited singlet state (S1), respectively, and k′isc is the rate constant of intersystem crossing from S1 to T1. The symbols kp and kisc are the rate constants of the phosphorescent process and the intersystem crossing from the T1 state, respectively. Φ′isc is the S1-T1 intersystem crossing yield, and is assumed to be unity in the present discussion. 18 The parameters thus obtained are summarized in Table 1 .
The kf values in PFMC and CH indicate that the S1 state of BD is not influenced by the variation of the solvent, probably due to much larger intersystem crossing rate constant as compared to kf (k′isc >> kf). In a marked contrast to the S1 state, the excited triplet state of BD was very sensitive to the surrounding environment. Namely, while the kp value did not depend on the solvent, the T1-S0 intersystem crossing process was suppressed in PFMC as compared to that in CH; kisc = 3.6 × 10 3 and 1.4 × 10 3 s -1 in CH and PFMC, respectively. According to the classical theory on nonradiative deactivation, 19,20 the transition probability (kisc) of intersystem crossing is expressed as in Eq. (5), where Vsoc, FC, and ρ represent the electronic matrix element of spin-orbit coupling, the Franck-Condon factor, and the vibrational density of the final state for the transition, respectively.
In the present system, the Vsoc value is assumed to be constant irrespective of the solvent. Furthermore, since the difference in the phosphorescence maximum energy of BD between PFMC and CH is small (150 cm -1 ), the energy gap between T1 and S0 should be comparable in the two solvents, indicating that the FC value is not the reason for the variation in kisc with the solvent. Therefore, the fact that the kisc value in PFMC is smaller than that in CH is ascribed to the variation in ρ. As described previously, the absorption spectrum of BD in PFMC exhibits a blue shift as compared to that in CH and rather resembles that in the vapor phase, demonstrating the minimal degree of solvation around the ground state of BD in PFMC.
Although intramolecular vibrations act as promoting and/or accepting modes for nonradiative decay, excited state deactivation in a condensed phase also takes place through solute-solvent interactions. Therefore, nonradiative decay of a molecule depends on both the number of the normal modes and the vibrational level density associated with nonradiative decay. The relative contribution of the latter factor and, thus, of ρ to excited state decay should be enhanced with decreasing the number of the normal mode. The lower degree of solvation around the ground state of BD in PFMC as compared to that in CH then gives rise to the smaller ρ value than that in CH. This will be the primary reason for the smaller kisc value in PFMC as compared to that in CH. Such a discussion might be supported by the fact that the kisc of PPD is almost independent of the solvent: 6.2 × 10 3 and 5.5 × 10 3 s -1 in CH and PFMC, respectively. As one can see in Fig. 2(b) , the absorption spectrum of PPD in PFMC is similar to that in CH and is redshifted as compared to that in the vapor phase, indicating normal solvent interactions of PPD in PFMC. Furthermore, the number of the normal modes of PPD is much larger than that of BD. Thus, the vibrational level density of the final state of PPD associated with T1-S0 intersystem crossing should be higher than that of BD. As a result, the kisc value of PPD is less sensitive to the solvent.
Phosphorescence quenching of BD in PFMC
Although self-diffusion of a solute in a fluorous solvent plays a very important role in the "phase-vanishing reaction" as 307 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 Table 1 Excited state parameters of BD and PPD in cyclohexane and PFMC a. The f and p values were evaluated by using rhodamine B in ethanol as a standard ( f = 0.65) after refractive index correction. 23 b. The kf and k′isc values were evaluated on the assumption that the contribution of internal conversion from the S1 state to the excited state decay was negligibly small (kic = 0). described before, its characteristics are still controversial. As is widely known in photochemistry, a fluorescence quenching method is a powerful means to determine the rate constant of a diffusion-controlled reaction (kdiff) in a given medium. For fluorous solvents, however, fluorescence quenching experiments are rather difficult owing to the poor solubility of an ordinary quencher without a perfluoro substituent. At a low quencher concentration, a long luminescence lifetime of a probe is indispensable for quenching experiments. In this viewpoint, BD is very suitable as a luminescent probe since the phosphorescence lifetime is rather long in a fluorous solvent even at room temperature. In order to determine a kdiff value in PFMC, we conducted phosphorescence quenching experiments of BD. We selected pyrene as a quencher, since the T1 energy level of pyrene (201 kJ/mol) was lower than that of BD (236 kJ/mol) 18 and, thus, the free energy change for triplet-triplet excitation energy transfer from BD to pyrene was negative enough. Moreover, triplet-triplet energy transfer is well known to proceed via the Dexter mechanism: the electronic exchange interaction. 21 Therefore, the quenching reaction is expected to proceed with a rate of diffusion-controlled process. As previously described, fluorous solvents have quite poor solubility for most organic solute molecules. However, pyrene was found to dissolve slightly in PFMC (solubility < 2 µM), which enabled us to carry out the following experiment. Figure 6 shows the Stern-Volmer plot of the quenching in PFMC, where Φ0 and Φ are the phosphorescence quantum yields of BD in the absence and presence of pyrene, respectively. The slope of the plot in Fig. 6 gave the kdiff value of (3.5 + 0.5) × 10 9 M -1 s -1 , while the value calculated from the Smoluchowski equation was 4.0 × 10 9 M -1 s -1 : kdiff = 8RT/3η where η is the viscosity of PFMC (1.6 cP at 296 K).
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As discussed previously, since minimal solvation was suggested for BD in PFMC, we expected that diffusion of BD or pyrene in the medium might be faster than that predicted from the Smolchowski equation and, thus, from the η value. However, the kdiff value determined experimentally here agreed well with that calculated by the Smoluchowski equation. It is concluded therefore that, although the phosphorescence lifetime of BD is influenced largely by perfluorination of a solvent (i.e., PFMC), there is no specific effect of PFMC on the diffusion process of BD or pyrene. This implies that the excited triplet state of BD is a good photochemical probe for microscopic interactions with a fluorous solvent without solvent effects on the translational and rotational motions of the probe itself.
Conclusions
We investigated the effects of a fluorous solvent (PFMC) on the excited states of BD and PPD. The fluorescence dynamics of BD and PPD in PFMC agreed very well with those in CH, probably due to very fast and efficient intersystem crossing from S1 to T1. On the other hand, perfluorination of a solvent (i.e., PFMC) certainly influenced the T1 state of BD, by which the phosphorescence lifetime (τp) increased from 270 to 650 µs on going from CH to PFMC. The increase in τp of BD by a factor of ∼2.5 upon fluorination mentioned above was shown to be ascribed to the decrease in the T1-S0 intersystem crossing rate constant by a factor of ∼2.5: 1.4 × 10 3 and 3.6 × 10 3 s -1 in PFMC and CH, respectively. It is worth noting that the translational and rotational motions of BD are not influenced by perfluorination of the solvent, as revealed by the phosphorescence quenching experiments of BD by pyrene in PFMC. Furthermore, no obvious change in the photophysical parameters of PPD was observed even upon fluorination of the solvent. On the basis of these results, we concluded that coupling between the vibrational modes of BD and PFMC was weak, owing to less efficient solvation around BD with the solvent molecules as compared to that in CH: minimal salvation in PFMC. Since this gives rise to the low vibration level density in the ground state of BD associated with T1-S0 intersystem crossing, the kisc value decreased appreciably upon perfluorination of the solvent. One of the characteristic behaviors of fluorous solvents was revealed through the phosphorescence properties of BD. Although the present experiments are limited to PFMC, analogous and systematic studies on various fluorous solvents will make clearer the chemical and physical properties of perfluorinated solvents.
